A half-century's worth of research has established the existence of numerous event-related potential components measuring different cognitive operations in humans including the selection of stimuli by covert attention mechanisms. Surprisingly, it is unknown whether nonhuman primates exhibit homologous electrophysiological signatures of selective visual processing while viewing complex scenes. We used an electrophysiological technique with macaque monkeys analogous to procedures for recording scalp event-related potentials from humans and found that monkeys exhibit short-latency visual components sensitive to sensory processing demands and lateralizations related to shifting of covert attention similar to the human N2pc component. These findings begin to bridge the gap between the disparate literatures by using electrophysiological measurements to study the deployment of visual attention in the brains of humans and nonhuman primates.
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macaque ͉ monkey ͉ visual search ͉ electroencephalogram ͉ local field potentials E ver since Caton's experiments with animals (1) inspired Berger's (2) discovery of the electroencephalogram (EEG) in humans, the literatures on animal and human electrophysiology have developed largely independently. This chasm is principally because of methodological differences. Invasive single-unit recording in animals have yielded a rich literature describing the functional characteristics of individual neurons (3) (4) (5) (6) . In contrast, decades of noninvasive EEG and eventrelated potential (ERP) research with humans have revealed many aspects of large ensemble activity during different cognitive processes (7) (8) (9) (10) (11) (12) (13) (14) . This has resulted in gaps in our understanding of how the brains of humans and nonhuman primates process information during cognitively demanding tasks. For example, it is unknown whether macaque monkeys exhibit electrophysiological indices of covert visual attention homologous to those described in human subjects. The need for studies directly comparing electrophysiological measures of dynamic information processing between species has been identified as a major weakness in our understanding of brain function (15) . In this study, we sought to bridge this gap by recording ERPs from monkeys performing a difficult visual search task to obtain data directly comparable with studies of human subjects. This work builds on pioneering studies that have sought to establish nonhuman primate homologues of a number of human ERP components indexing other cognitive processes. For example, research has established homologues of the human P3 component (16) (17) (18) (19) , early sensory potentials (also known as visual evoked potentials or VEPs, e.g., refs. 20 and 21-23) , and the mismatch and selection negativities in cross modal and auditory oddball tasks (24) (25) (26) (27) (28) . Additionally, a number of other studies have explored the neural substrates of the electrical activity in the brain that gives rise to the observed EEG and averaged ERPs, typically by using cross-modal tasks (24, 25, (29) (30) (31) .
This study addresses a critical weakness in our knowledge regarding mechanisms of covert visual attention by recording ERPs from macaque monkeys performing attention-demanding visual search (Fig. 1A ). This is a task that has been studied heavily by using human ERP recordings. Studies of attention in nonhuman primates commonly record spiking activity with the ultimate goal of understanding how human brains function. However, it is not known whether macaque monkeys exhibit electrophysiological indices of attentional selection like those discovered in humans. As described in Materials and Methods, electrodes with impedance comparable with those of typical low-impedance human EEG recordings were implanted s.c. in the skull. This technique ensures that the layers of tissue and bone through which the signals propagate are as similar as possible across species while bypassing substantial differences in the cranial musculature of macaque monkeys and humans. To examine the topographic distribution of ERP effects, we placed electrodes across the monkey skulls in locations that approximate those typically used in human studies. This method affords the most direct comparison possible of the electrophysiological signals recorded from the two species and thereby provides a strong test of the validity of the macaque monkey model for understanding attentional selection in the human brain.
If macaque monkeys are like humans, then the ERPs recorded during a visual search task will vary with set size in specific ways. First, we were primarily interested in whether monkeys exhibit a posterior, lateralized component related to a shift of covert attention to the target. This component, known as the N2pc in humans, is defined as a more negative potential recorded from posterior electrodes contralateral to an attended item relative to ipsilateral electrodes and is typically observed 175-200 ms after search array onset. Human ERP studies have shown that this component is maximal when a target is flanked by distractor objects and must be discriminated in advance of an eyemovement response to the target location (32) . From the human ERP literature, we know that when visual search is efficient, with fast reaction times, this component has a shorter duration and larger amplitude than in conditions in which visual search is less efficient (33) , such as when set size increases during search for multifeature targets. This reduction in amplitude with increasing mean reaction time is presumably because of greater variability when attention is focused on the target object. A more variable onset time of an underlying cognitive operation causes an ERP component to have a smaller amplitude but broader distribution (34) . Therefore, if this component exists in monkeys, it should have a more variable onset with a larger array of possible target items. A secondary goal was to examine the early visual ERPs recorded from monkeys. The early visually evoked human ERP Author contributions: G.F.W. designed research; G.F.W. performed research; M.-S.K. analyzed data; and G.F.W., A.F.R., and J.D.S. wrote the paper components are known to be sensitive to the strength of the incoming sensory signal (34) . As a result, monkey homologues of these components should exhibit larger amplitude deflections when more sensory stimulation is delivered such as when more stimuli are present in a visual search array.
Results
Behavioral Data. The behavioral results from the eye-movement responses to targets indicated that the set size manipulation significantly influenced reaction time (P Ͻ 0.0001) and accuracy (P Ͻ 0.0001) for all three monkeys (Fig. 1B) . There was no evidence of a speed-accuracy tradeoff because accuracy declined with set size as reaction times became longer. This pattern of performance is consistent with findings from humans (35) .
Monkeys Q and P were more proficient than monkey S and exhibited no effect of target location or an interaction of location with set size (F Ͻ 1.0). As shown in Fig. 1 , however, Monkey S responded to targets presented in the right visual field 100-400 ms before those in the left visual field, resulting in a significant effect of target location [F (1, 21) ϭ 60.79, P Ͻ 0.0001] and an interaction of set size and target location [F (2, 42) ϭ 68.65, P Ͻ 0.0001]. In humans, such a bias for a target in one visual field is known not only to delay RTs but also the onset of the N2pc component of the search array-evoked ERP waveform (12) . Thus, this unexpected asymmetry of performance provides an opportunity to test the hypothesis that bias for an object in one visual field yields ERP effects similar to those known from human studies.
Electrophysiological Data. In humans, the amplitudes of the first negative and positive components elicited after the presentation of a visual stimulus (the P1 and N1) increase when a higher contrast or larger stimulus is shown (34, 36) . Consistent with previous studies using different stimuli and tasks (16, 18, 37) , monkeys exhibit early visually evoked components. The present findings extend previous reports in that we find only two of these components were sensitive to the number of objects in the search array (Fig. 2) . Both the first and second negative-going components were significantly modulated by the strength of sensory stimulation and increased monotonically across set size in all three monkeys (P Ͻ 0.001). Interestingly, these sensorymodulated negative-going components were flanked by positivegoing deflections that did not show this parametric response to the set size manipulation. This presents an unexpected dissociation between the subset of the early components that behave as those observed in humans and those that are dissimilar. It is possible that these positive components have a lower saturation threshold than the negative waveforms or that these components index an overlapping cognitive process that is unknown in human electrophysiology. Another interesting parallel between these findings from macaques and the human literature is that, although always present, the early sensory components vary significantly in amplitude across individuals (34) . We found that the same pattern of early components was observed across monkeys, although the amplitudes of those components varied just as they do across human observers (Fig. 2) .
The ERP component of primary interest to us was a homologue of the human N2pc component. This component maps onto a covert shift of perceptual attention to an object in the left or right visual field during visual search (12, 32, (38) (39) (40) . The N2pc is defined as a difference between the contralateral and ipsilateral hemispheres relative to the visual field that contains -1500 ms before a visual search array was presented. Each array was composed of two, four, or eight elements, and the target location was randomly selected on each trial. After making a saccade directly to the target, the monkey had to fixate the target for 500 ms before the array was extinguished and reward delivered. (B) RT of the eye-movement responses shown separately for each monkey and left-versus-right visual field targets. Monkey S exhibited RTs similar to those of monkeys Q and P for right visual field targets but, was significantly slower for targets appearing in the left visual field. The error bars represent the standard error of the mean across the 22 search sessions for each monkey. There was no evidence for a speed-accuracy tradeoff because accuracy also exhibited a significant effect of set size for each monkey (P Ͻ 0.05). These data are from target-present trials because no RT was measurable on nontarget trials.
Fig. 2.
ERP waveforms recorded from posterior midline electrode (red) on monkey Q (A), monkey P (B), and monkey S (C) across set size 2, 4, and 8. The relevant active electrode on each monkey is shown in red, and the common frontal reference electrode is shown in white on a diagram of a monkey head. ERP waveforms recorded from both monkeys show a complex of early negative-going components sensitive to the amount of sensory stimulation as a function of set size (marked by the arrows on the waveforms from monkey Q). For reference, the dashed horizontal lines mark the amplitude of the set size 4 peak of the first negativity.
the object to which attention is deployed. In the visual search task, the monkeys were required to focus gaze on the central fixation point until an eye movement could be made directly to the target location. This ensured that attention was covertly shifted to the target before shifting gaze to that object (41) .
Consistent with our predictions, we found that waveforms recorded from electrodes contralateral to the target became more positive than ipsilateral electrodes Ϸ110-170 ms after the presentation of the search array in monkeys Q and P (Fig. 3 A  and B) ; data from monkey S will be presented below. In addition, the amplitude of this difference was modulated by the number of objects in the search array. As set size increased, the amplitude of the difference between the most posterior contralateral and ipsilateral electrodes decreased, resulting in an interaction of electrode position, target hemifield, and set size for monkey Q [F (2, 42) ϭ 5.94, P Ͻ 0.05] and monkey P [F (2, 42) ϭ 8.39, P Ͻ 0.001]. This is identical to the reduction in amplitude of the human N2pc component when visual search is made more difficult (33) . This amplitude reduction is attributed to greater variability in the onset of the shift of attention to the target when conditions make visual search more demanding and reaction times longer at larger set sizes (34) . The measurable onset of the putative monkey homologue of the N2pc was also slowed as set size increased (see dashed lines marking measured onset of the contralateral component in Figs. 3 and 4) .
For monkey P, more catch trials were included to provide a comparison between the waveforms elicited by nontarget arrays and waveforms contralateral and ipsilateral to the hemifield containing the search target. In previous work with human subjects, it was shown that nontarget arrays elicited waveforms similar to those ipsilateral to the target (42) . The waveforms recorded from nontarget and target-present arrays during visual search support our conclusions that targets elicit a contralateral positivity (Fig. 3B) . Specifically, the waveforms from nontarget catch trials were significantly different from those elicited by arrays with a contralateral target (P Ͻ 0.05) but not ipsilateral target arrays (P Ͼ 0.5). These findings provide an additional link between the present study and previous work recording ERPs from humans (42) .
We now turn to the data from monkey S. Recall that this monkey had RTs for right visual field targets similar to monkeys P and Q, whereas RTs for left visual field targets were significantly slower (Fig. 1B) . This idiosyncratic behavioral effect suggests that the monkey avoided shifting attention to left visual field targets, probably because of some peculiarity during training. Nevertheless, consistent with this behavioral bias, the onset of the contralateral positivity for targets in the left visual field was delayed by approximately the same amount as the RTs (Fig.  4) . We suspect that this idiosyncratic bias can be eliminated with additional task learning such as receiving additional reward for localizing left visual field targets.
The higher-density array of electrodes in monkeys P and S provided information about the topography of this ERP component; the positivity contralateral to the target hemifield was maximal at the electrodes over the occipital-temporal cortex and decreased in amplitude at more anterior electrodes (Fig. 5) , mirroring the posterior-to-anterior distribution of the N2pc in humans (42) . Both monkeys P and S exhibited the largest voltage differences contralateral to the target at the most posterior pair of lateralized electrodes. The contralateral positivity decreased For illustration purposes, Fig. 6 shows the contralateral attention effects from analogous electrode sites in monkey Q and from a group of 10 human subjects who were also shown visual search arrays containing a form-defined target (12) . In summary, the macaque contralateral positivity exhibits a spatial distribution and sensitivity-to-task manipulations corresponding to what define the human electrophysiological index of the deployment of covert visual attention during visual search. Hence, the difference in the latency of this functionally equivalent component across species should provide an interesting avenue for future study.
Discussion
Recording surface ERPs from macaque monkeys performing visual search, we found attention-related lateralized components homologous to those recorded from humans performing the same type of task. This discovery substantiates the relationship between single-unit neurophysiological measures in macaques and scalp potentials in humans during the deployment of covert visual-spatial attention and thereby bridges an empirical gap known for over half a century (e.g., 15, 43) . Previous work has started the bridge (e.g., refs. 16, 17-19, 24, 25, and 29-32) , but the present findings are the most direct homology to date including similarities in scalp distribution and systematic sensitivity to cognitive demands.
We found that the monkey homologue of the N2pc is elicited Ϸ50-75 ms earlier than the human N2pc (e.g., ref. 40) . This finding could be due to two factors. First, through extensive practice, the overtrained monkeys may be able to shift attention to targets faster than human subjects. Second, signals may propagate faster in the smaller macaque brain. Previous studies in which visually evoked potentials were recorded from monkeys not performing a task have reported similar latency differences between monkey and human potentials (20) (21) (22) (23) . This supports the idea that signals simply propagate more quickly through the smaller monkey brain as does the observation of similar lateralized-component onsets across animals with different performance proficiencies.
Of particular note, we found that the polarities of the lateralized ERP components observed in monkeys were opposite those found in humans. However, this can be understood easily, given the anatomical differences between the brains of macaques and humans. ERPs are generated by tissue that affords open electrical fields between the dendritic arbors and the soma of the pyramidal cells, so the cortex is the principle generator of such electrical activity (7) . Humans and macaque monkeys have radically different patterns of cortical folding. Source estimation procedures suggest that the human N2pc may be generated predominantly in extrastriate visual areas such as V4 (32, 39, 44) in addition to possible contributions from posterior parietal cortex (45, 46) . Whereas monkey V4 is located on a superficial gyrus, comparative neuroimaging research has proposed that the human homolog of macaque area V4 is in an area that has both sulci and gyri (47) . Thus, it is plausible that the monkey homologue of the human N2pc component is generated by cortical tissue that is simply inverted relative the orientation of the functionally homologous tissue in humans, resulting in a polarity inversion of the contralateral ERP component. In fact, the human C1 component is of opposite polarity when it is evoked by an upper versus a lower visual field stimulus activating neurons on opposite banks of the calcarine sulcus (48) . Similarly, the lateralized readiness potential inverts in polarity for handversus-foot movement responses and this is attributed to generators in tissue that exhibits a somatosensory map of the peripheral nervous system in which the hand and the foot are on lateral and medial cortical surfaces, respectively (49, 50) . Understanding the neuroanatomical causes of the polarity and timing differences between functionally equivalent ERP components in monkeys and humans will be a fundamental step toward knowing how ERP components are generated.
To summarize, we have developed a technique for reliably and repeatedly recording ERPs from macaque monkeys performing demanding visual search. This will provide a direct empirical link between attention mechanisms studied in the monkey and human electrophysiological literatures. Future simultaneous recordings of extracranial ERPs, intracranial local-field potentials, and neural action potentials are necessary to understand the neural mechanisms of cognition expressed on multiple spatial scales. This combination of electrophysiological techniques can potentially solve the inverse problem of dipole generator localization that that has plagued human electrophysiology (e.g., refs. 51 and 52).
Materials and Methods
Data were collected from three male macaque monkeys (Macaca radiata, 4.5-9 kg) and cared for in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the Vanderbilt Institutional Animal Care and Use Committee. The general surgical procedures have been described (53) .
The electrode implants were constructed from Teflon-coated braided stainless steel wire and solid-gold terminals. Implanted wires were cut to 8.5 cm, the wire ends exposed, and gold amphenol pins were crimped to both ends. One end of the wires were inserted into a plastic connector, whereas the gold pin on other end was ground down until Ϸ1 mm of the pin remained. During aseptic surgery, 1-mm holes were drilled into the surface of the skull (Ϸ3-5 mm thick), allowing the terminal end of the electrode to be tightly inserted. The inserted gold pin was then covered with a small amount of acrylic cement. After all of the EEG electrodes were implanted, the plastic connector was attached to exposed acrylic to allow access to the channels. The electrode leads that were not embedded in the acrylic were covered by skin that was sutured back over the skull. This allowed for the EEG electrodes to be minimally invasive once implanted. Unlike recordings from skull screws that extend to the dura mater through the skull, recordings from these electrodes approximate those used in human electrophysiological studies because the signals must propagate through the layers of brain, dura, and skull.
The impedance of the EEG electrodes once implanted was 2-5 k⍀ measured at 30 Hz, just as those of low-impedance EEG electrodes typically used in human studies. We implanted eight electrodes in monkeys P and S, spanning the frontal, parietal, and occipital bones (Figs. 2 Lower and 3 Lower), approximating sites F3, F4, C1, C2, OL (midway between O1 and T5), OR (midway between O2 and T6), and Oz of the modified human 10/20 system (40, 54) . The frontal-most electrode site was placed immediately behind the brow ridge (stereotaxic coordinates: 56 mm anterior, 0 mm lateral/medial) and served as the common reference site for all three monkeys. Because of existing implanted chambers and headpost on monkey Q, the skull was less accessible, but we implanted the common reference and occipital electrode (approximating Oz) in addition to a pair of lateralized electrodes approximating human 10/20 locations T5 and T6 (0 mm anterior/posterior, 25 mm lateral, see Figs. 2 Upper and 3 Upper).
The changes in electrical potential were recorded by using a multichannel data acquisition system (Plexon, Dallas, TX) with a preamplifier band pass of 0.7-170 Hz and digitized at 1,000 Hz. The voltage data and eye position signals were streamed continuously to disk for offline analysis. Eye position was monitored by using a scleral search coil system (55) , which provides greater sensitivity than the electrooculogram (EOG) typically used to monitor eye position during human ERP studies. Stimulus presentation and reward delivery were controlled by a cluster of computers running the Reflective Computing TEMPO clientserver software package and the Psychophysics Toolbox for Matlab on a Macintosh computer (Apple, Cupertino, CA) (56) .
The stimuli used in the visual search task were white (23.8 cd/m 2 ) uppercase san serif Ts and Ls (1.3°ϫ 1.3°) randomly oriented either upright, rotated 90°to the left, 90°to the right, or inverted; each was composed of one vertically and horizontally oriented rectangle. The arrays of search items were presented on a black background (Ͼ0.01 cd/m 2 ). Across trials, the set size of the search array varied randomly among 2, 4, and 8 items. The items were centered 10°from the center of the fixation point in the middle of the monitor. When the array contained two objects, they were always presented at opposite locations on the symmetric circle of eight possible locations relative to the fixation point, and when the array contained four items, each was separated by an unfilled location.
Each trial began with the presentation of a filled-square fixation point (0.4°ϫ 0.4°, 23.8 cd/m 2 ). Once the monkey achieved and maintained fixation within Ϸ2.0°of the center of the screen for 500-1,000 ms (randomly jittered), the search array was presented, and the square fixation point changed simultaneously to an unfilled square of the same size. The monkey's task was to continue to fixate in the center of the screen until he could make an eye movement directly to the target object. Monkeys were permitted one saccade to fixate the target; otherwise the trial was aborted, the array was removed and no reward was given. When the monkey made a saccade to the target and maintained fixation within a 3.0°ϫ 3.0°window centered on the target, a reward, in the form of a drop of juice, was delivered. If no saccade was made within 2,000 ms of the onset of the array, the trial timed out, and no reward was given. Across days, the identity of the target changed such that each of the possible search elements served as both targets and distractors. Randomly interleaved among the target-present trials were a percentage of catch trials (10-33%) to discourage guessing. On catch trials, the monkeys were rewarded for maintaining fixation in the center of the screen for a randomly jittered duration (between 750 and 1,250 ms, with a rectangular distribution) after the presentation of the search array. Except where noted, these analyses will focus on trials in which a target was present. In each session, the monkey correctly localized the lateralized targets on at least 900 trials, and ERP averages from each monkey were collected during 22-24 sessions, resulting in within-monkey grand averages of at least 20,000 trials.
Behavioral and ERP analyses were performed offline by using custom Matlab scripts. Trials were rejected from the ERP averages if an incorrect response was made, any channel saturated the amplifier, or the monkey failed to maintain fixation. Thus, trials were included in the analysis only if one saccade was correctly made to the target location. To examine the ERPs preceding correct eye-movement responses of the monkeys, code was used to detect the onset of a saccade based on velocity and change-of-position criteria (53) . All data after saccade initiation and preceding it by 20 ms were discarded to ensure that the data contributing to the averages were not contaminated by small changes in eye position before saccade detection. To identify potentially lateralized effects relative to target location, trials in which the target appeared on the vertical meridian were not included in analyses of behavior or ERPs. Activity from trials of each type was averaged millisecond-by-millisecond time-locked relative to the onset of the stimulus array.
Behavioral and ERP analyses within each animal used the means of the individual sessions as the random factor. Amplitude measurement windows for the first positive and negative component were measured from the occipital electrode (Oz) from 75-125 ms and 125-175 ms poststimulus, respectively, and the second positive deflection from 175-225 ms poststimulus. The lateralized N2pc-like activity was measured as the difference between the most posterior ipsilateral and contralateral electrode sites during two intervals: from 125 to 250 ms and 250 to 350 ms poststimulus. The first window included the voltage deflections contralateral to targets across all sessions from all animals. The second allowed us to analyze the latency difference observed in monkey S for left and right visual field targets. Onset latency of the contralateral, positive component was measured by calculating the time point at which the amplitude of the waveforms elicited by ispilateral and contralateral targets in a 17-ms sliding window were significantly different (P Ͻ 0.05) for 20 consecutive data points (34) . All significance values were corrected for nonsphericity by using the Greenhouse-Geisser -correction (57) . The ERP averages shown are baseline corrected but unfiltered beyond the amplifier bandpass settings because of the power inherent in the large number of trials obtained (Ͼ20,000 per monkey).
